Abstract. -Structural investigations reveal intense and heterogeneous deformation of the sedimentary cover attached to the basement complex of the southern Argentera and Barrot massifs (southernmost External Basement Massifs of the French Alps). Permian and early Triassic syn-depositional extensional tectonics imparted a tilted block pattern to the massifs. An early Miocene first stage of Alpine compression caused pervasive cleavage. This cleavage was controlled by the former pre-existing faults but is nevertheless consistent with NNE contraction. Where regional shortening is orthogonal to the trend of pre-existing faults the pervasive deformation produced either irrotational compressional strain (where no fault inversion occurred), or rotational compressional strain involving syn-cleavage shearing (where faults with favorable paleo-dip were inverted). Where the shortening direction is oblique to the paleo-fault trends, a component of strike-slip movement may locally prevail. A 22 %, N020 o directed horizontal shortening, of 11 km, has been calculated based on deformed sedimentary markers in the Permian series and parallel folds in Lower Triassic quartzite. A shallower deformation as brittle reverse faults postdates the cleavage at the southwestern tip of the Argentera Massif and accounts for 4 km of extra shortening. Both types of deformation are connected at depth to a crustal blind thrust system and the Argentera Massif is over-thrust to the south-southwest. The observed strain indicates the Argentera Massif area underwent, from earliest Miocene to Present, a NNE to N rotating compression at distance from the left-lateral southwestern boundary of the Adria block.
INTRODUCTION
In the external French Alps the European basement occurs in the core of elevated massifs, with the exception of the Barrot Massif (where only late Paleozoic sediments are exposed), and comprise Variscan metamorphic and granitic rocks. These massifs are here referred to as the external basement massifs (E.B.M.). They belong to the former European margin and underlie a variably thick sequence of Triassic to early Oligocene sediments [Kerckhove and Monjuvent, 1979 ; Sinclair, 1997] . Outward directed blind thrusts were stet to extend below the northern E.B.M. [Ménard, 1979 ; Boyer and Elliott, 1982 ; Butler et al., 1986 ; Gillcrist et al., 1987] . These thrusts were imaged by seismic profiling [Mugnier et al., 1990 ; Tardy et al., 1990 ; Burkhard et al., 1998 ] and are considered responsible for the northern E.B.M. exhumation. They imply that the uplift of the E.B.M. and, likewise, the Aar massif (in Switzerland) [Frei et al., 1989 ; Pfiffner et al., 1990 ; Rogers, 1995] , is mostly tectonically controlled. Moreover, the geographic distribution of the E.B.M. along a west-facing convex arc has long been assigned to constraints from firstly the inherited geometry of the European Tethyan paleomargin [Lemoine et al., 1981 and Gillcrist et al., 1987 ; Ford, 1996] , and secondly by syncollisional progressive accretion of crustal flakes to the deforming margin [Tricart, 1984 ; Laubscher, 1988 and . The resulting gross picture is that of the Miocene to Recent European margin being compressed north-south by an Adria plate indenter [Laubscher, 1991 and . In such a geodynamic framework, the northern and southern E.B.M. would have experienced dextral [Steck, 1984] and sinistral [Laubscher, 1990 and transpression respectively.
The two southern E.B.M., the Argentera and Barrot Massifs, are located south of the inferred sinistraltranspressive border of the Apulia indenter they display, respectively, NW-SE and E-W trending structural grains. These trends differ markedly from those of the northern E.B.M. Again in contrast to the northern E.B.M. [Steck, 1984 ; Butler et al., 1986 ; Pfiffner et al., 1990 ; Rodgers, 1995 ; Beach, 1981 ; Ford, 1996] , most of the Mesozoic sedimentary cover of the Argentera and Barrot Massifs has been as a whole decoupled from its basement. This means that little structural imprint of synrift tectonics was recorded in the basement. Nonetheless, a large amount of older sediments remain welded to the Variscan basement of the massifs ( fig. 1 ). These sediments crop-out as large exposures of Permian and Lowermost Triassic series, and are now part of the Alpine basement. They appear to be of special interest for three reasons : -they did not undergo Variscan deformation and metamorphism -they may have recorded deformation events that led to the structural grains of the massifs -and they are located not far south of the suspected Miocene-to-Present Adria-Europe plate boundary. In addition, study of the basement-attached sediments may lead to quantitative appraisal of strain parameters of the basement deformation [Aicard et al., 1968 ; Graham, 1978 ; Vaslet, 1978 ; Siddans, 1980 ; Siddans et al., 1984 ; Guardia and Ivaldi, 1985] .
The purpose of the present work is to analyze the Alpine deformation preserved in Permian and early Triassic rocks that occur in the southern E.B.M. We aim to identify and understand the deformation modes at the suspected Miocene to Recent, southern Adria-Europe plate boundary at the only place where these rocks are accessible on the surface.
Several schemes of compressive deformation have been proposed for the external basement of the western Alps. At least one phase of low-grade ductile Oligocene-early Miocene deformation was followed by a brittle phase. The latter, poorly constrained in time, was responsible for most of the uplift of the massifs [Milnes and Pfiffner, 1977 ; Steck, 1984 ; Burkhard, 1988] . The geodynamic synthesis given by Laubscher [1996] describes the deformation as marking the surface trace of the concave-to-east Adria-Europe plate boundary at that time. In contrast to the south, late Cretaceous -early Eocene deformation produced local uplift of the Pelvoux Massif [Termier, 1896 ; Ford, 1996] . This massif is characterized by thrust-related exhumation that started as early as 34 Ma [Seward et al., 1999] . Further south, the Argentera Massif has yielded much younger exhumation ages [Bigot Cormier et al., 1999 with an uplift event starting at 28 -25 Ma and a marked increase in uplift rate since 3.5 m.y. This later uplift corresponds better to the exhumation history for the northern E.B.M. and should be integrated in geodynamic models.
ANALYSIS OF THE GEOLOGICAL CONTEXT
In the French southern Alps, below the Mesozoic and Cenozoic detached cover, Bordet [1950] , Faure-Muret [1955] , and Vernet [1964] described and precisely mapped restricted exposures of Stephanian strata and some much larger outcrops of Permian sediments. Both series are continental clastic sediments resting unconformably on the Variscan metamorphic basement. The Stephanian beds [Faure-Muret, 1955 ; Romain, 1978] 
occur in two N160
o E trending narrow strips of black shale, sandstone and conglomerate pinched within the crystalline basement of southwestern Argentera. The deformed Carboniferous beds underwent strong deformation in the late Variscan stages of deformation. In contrast, 3500 to 4000 m thick Permian redbeds [Arevian and Corsin, 1956] are not affected by Variscan deformation and rest with a marked angular unconformity on both Carboniferous beds and crystalline basement. The Permian series comprises four sequences. These are, from bottom to top [Faure-Muret, 1955] : (1) the coarse conglomeratic Inferno sequence ; (2) the green and silty Meraviglie sequence ; (3) the light purple, arkosic Bego sequence ; (4) the silty purple Capeirotto sequence. The Permian sequence is in turn unconformably topped by a 50m thick Lower Triassic quartzite that extends around the core of the Barrot Massif and along the southern rim of the Argentera Massif ( fig. 1) . A general north to north-east directed increase in grain size occurs throughout the Permian sediments and crudely indicates where the source relief was located, but so far no data is available about the structural control of the high-to-basin transition.
Because of their large volume and their homogeneity, the widespread Permian rocks have been studied as an example of basement that experienced moderate but pervasive compressive Alpine deformation. Studies have addressed the tectonic fabric [Guardia and Ivaldi, 1985] , the geometric characteristics of the strain ellipsoid [Graham, 1978 ; Siddans et al., 1984] and cleavage related magnetic anisotropy [Bogdanoff and Schott, 1977 ; Kligfield et al., 1981 ; Siddans et al., 1984] . Only one previous study carried out by Aicard et al. [1968] demonstrated syn-depositional normal faulting and its subsequent control on Alpine deformation in the upper Roya district : it is surprisingly one of the less referred-to works. The resulting picture of basement deformation recorded in Permian sediments is that of a variably oriented pervasive cleavage that extends over the southeastern tip of the Argentera Massif and the eastern third of the Barrot Massif. The strike of the cleavage changes from N130 o in the Barrot Massif to the west, to N090 o in the Roya Valley to the east, and the dip angle varies greatly from 30 o E to almost vertical. A progressive strain path has been proposed based on the analyses of reduction spots, assumed to be compaction-derived and flattened (oblate) parallel to bedding prior to Alpine deformation [Graham, 1978 ; Siddans et al., 1984] , as well as from studies of anisotropy of magnetic susceptibility [Henry, 1973 ; Kligfield et al., 1981] . Despite shear surfaces parallel to cleavage observed by Graham [1978, p 220] , the progressive deformation proposed by these authors is based on an irrotational model of finite strain and assumes the shortening axis always developed normal to cleavage [Graham, 1978 ; Kligfield et al., 1981 ; Siddans et al., 1984] . Calculations of the deduced basement horizontal shortening locally reach up to 44 %.
As speculated by some authors [Lemoine, 1948 ; Siddans et al., 1984 ; Guardia and Ivaldi, 1985] , but actually solely evidenced by Aicard et al. [1968] and our paper, the paleo-normal faults commonly govern the Permian and Lower Triassic deposits (see below). This suggests that tectonic inversion processes may have occurred on Permian and Triassic faults. Field observations indicate that most of these faults still display steep dips and that the pervasive but discrete brittle/ductile strain response to Alpine compression varies according to the obliquity of the compression relative to pre-existing faults. If this obliquity is observed within the vertical plane containing the Alpine compression, a change in the distortion regime occurs depending on the initial dip sense of the inherited fault. When the original fault-dip was toward the foreland it was subsequently tilted to vertical, and became parallel to a principal plane of irrotational strain with an orthogonal-to-fault shortening axis. When the fault dipped toward the hinterland of the Alpine belt, the fault was rotated to more gentle dip, and has acted as a thrust while rotational strain developed, with pervasive reverse shearing occurring parallel to the fault plane. Numerous comparable, but younger, cases of reactivated Jurassic faults have been described northwest of the Pelvoux Massif in the Bourg d'Oisans area by Gratier and Vialon [1980] and east of the Belledonne Massif by Gillcrist et al. [1987] . These authors report similar tight control that such pre-existing faults exerted on the development of the succeeding Alpine pervasive compressive strain. Where obliquity between Alpine compression and an inherited fault occurred within the horizontal plane, a change of tectonic regime from compressive to strike-slip is expected near the fault.
The present work is based on identifying inherited Permian-Triassic faults and associated Alpine syn-cleavage distortion of various markers such as 5 mm clasts, 10 cm mud-cracks and 100 m wave-length-folds. In places these deformed markers allow assessment of the local horizontal finite strain and the related distortion and tectonic regimes to be specified.
EVIDENCE OF PRE-ALPINE (PERMIAN-TRIASSIC) FAULTS

Structural control of Permian sediments
Alpine faulting alone cannot be responsible for the total lack of Permian rocks in the northern Argentera massif (insert of figure 2) as Lower Triassic quartzitic layers rest unconformably either on Permian red beds or directly on the crystalline basement complex. In the Vacheries des Millefonts area ( fig. 2 ) two main NW-SE trending, steeply dipping faults are located between large areas of Permian outcrops to the southwest and the Variscan metamorphic rocks to the northeast. The latest movement on the northeastern fault branch (the Veillos Fault) postdates the early to middle Miocene movement of the detached sedimentary cover [Laurent, 1998 ]. The principal southwestern fault branch (the Millefonts Fault) also slightly offsets the basal contact of the detached cover but principally divides a southwestern block containing several hundred meters of Permian rocks from a northeastern block with only a few meters of Permian red beds. Both, which differ greatly in thickness, are overlain by Lower Triassic quartzite. This suggests that prior to slight fault reactivation, the Lower Triassic beds sealed a former fault-bounded Permian depocenter the northeastern boundary of which is the present day, sub-vertical Millefonts Fault. The absence of any veining near the fault and a rapidly southwest-decreasing grain size in the Permian series both indicate that the Millefonts Fault is a syn-depositional Permian structure. Fault-parallel pervasive cleavage occurs only within the thick Permian clastic beds of the southwestern fault-block ( fig. 3 ). The significance of Alpine deformation at this locality is discussed below.
Probably because there is no doubt about the existence of an unconformity at the Triassic-Permian boundary, the resulting tectonic regime was assigned to pre-Triassic compression by Faure-Muret [1955] . However, such an interpretation is at odds with the vertical dip of the Millefonts Permian fault. The Roya valley, at the southeastern limit of the Argentera Massif, provides additional data on the Permian tectonic regime and the geometry of its structures prior to Alpine deformation. In the Roya River valley area ( fig. 1 striking, normal growth faults that result in a series of southward tilted blocks. As can be seen from figures 4 and 5 the succeeding Alpine deformation developed a dense set of cleavage planes that parallel the Permian faults.
Structural control of Lower Triassic sediments
Continuation of distensive tectonic activity into early Triassic times occurs at the southwestern slope of the Argentera Massif, on the northeastern side of the Tinée Valley at La Blache (location on fig. 14) . At this site, the base of the Lower Triassic sequence comprises a 35 cm-thick bed of coarse sedimentary breccia that reworks 5-15 cm long, angular clasts of yellowish dolomite in a dark gray matrix. The bed of coarse breccia rests on top of a 5 m thick finer grain breccia containing 2 cm gneiss clasts in a gray-greenish matrix that directly overlies Variscan metamorphic basement rocks. The coarse breccia is clearly part of the overlying quartzite and is therefore assigned an early Triassic age [Faure-Muret, 1955 ; Faure-Muret and Fallot, 1957] . However, as there is no angular unconformity between the two breccia layers it is not clear whether the underlying 5m-thick breccia is part of the earliest Triassic sequence or should be assigned a Permian age. The former outcrop is located between two fault splays and forms a tectonic wedge at the southern part of a more complex and larger structure which is bounded by two main faults with opposite normal throws ( fig. 6 ). The westernmost fault that bounds the breccia exposures is oriented N114 o , 32 o N and bears two generations of striations, the oldest group being pure dip-slip. Although the Triassic beds that are preserved between the two major faults have experienced severe Alpine horizontal shortening, the final structure is that of a compressed graben-like structure. The fact that the graben content includes rocks as young as Middle Triassic, and that it is not sealed by any younger rocks makes its age uncertain. However the presence of Lower Triassic sedimentary breccia that is uncommon in these beds and which occurs here concurrently with normal faults indicates that at least some kind of movement along the bounding faults of the graben took place during early Triassic times. Crushing of the graben together with late low pitch striation on bounding faults reveal the Alpine deformation extended into the N114 o trending, Triassic structure of La Blache. Another structural trend was active during Triassic times, as shown from the southern limit of the Argentera basement, north of La Bolline Village ( fig. 2 ). At this location arkosic deposits of the Permian sequence are overlain by a variable thickness of Lower Triassic quartzite. No angular unconformity is discernable, and both Permian and Triassic sequences are steeply dipping northeast and plunge beneath the Lenton Thrust. To the east, in the foot-wall of the thrust, Triassic quartzitic beds are seen in cross section where they are cut by a gully ( fig. 7 ). This natural cross section shows the Triassic beds thicken eastward until they are sharply interrupted by the steeply dipping Biforquet Fault. The attitude of this fault is N165 o , 74 o E and again bears two sets of striations : the first with a 61 o N pitch that pre-dates dextral movement indicated by the second set with a 15 o N pitch. The fanning pattern of the Triassic beds, open to the northeast, substantiates the Biforquet Fault is a Triassic normal growth fault. In this case Alpine compression would account for slight reactivation of the paleo-fault in a strikeslip mode, producing the low pitch striation. This movement on the fault was then sealed by the Lenton thrust.
DISTRIBUTION OF ALPINE DEFORMATION
Pervasive deformation
Permian deposits that surround the southern part of the Argentera Massif are commonly deformed by pervasive Alpine cleavage which is, in places, associated with similar folds. This is the case west of Saint Sauveur de Tinée where cleavage trends N120 and is axial planar to upright folds [Faure-Muret, 1955 ; James, 1976] . The same attitude occurs at the easternmost Permian outcrops, where cleavage trends N120±10 o with steep NE dips and is also axial planar to similar type folds [Aicard et al., 1968] . Again a mean N120-130 trending cleavage is documented in the opposite westernmost Permian exposures of the Barrot Massif and Tinée valley by Siddans [1980] and Siddans et al. [1984] though here it is not associated with folds and has lower, 40±10 o NE dips. In contrast to these sites, a major change in cleavage orientation occurs along a distance of 25 km from Saint Sauveur de Tinée, to the west, and the Roya River valley, to the east [Guardia and Ivaldi, 1985] . In this central segment of the Permian exposures cleavage trends N095±5 o , commonly with a steep northward dip.
The kinematic significance of cleavage that developed within the Permian rocks is assumed as a whole by Siddans et al. [1984 p. 341 ; as formerly suggested by Graham, 1978] , to be parallel to a principal plane of strain. This seems questionable, at least where cleavage gently dips 40±10 o and intersects steady horizontal bedding. As previously mentioned, the present paper addresses the Alpine cleavage development together with the distortion of mesoto macroscopic markers ; it does not aim at mineral scale observations that would be difficult to use for an often very fine-grained material and that are scale-dependant in simple shear. Only available markers large enough to integrate micro-scale discontinuities (large ellipses of figure 8) are used here, from west to east, in the identification of strain and tectonic regimes.
To the west the Alpine cleavage frontal zone crosses the eastern Barrot Massif ( fig. 1) . The cleavage has a N120±10°, 40±10°NE relatively constant attitude over the eastern third of the massif. Here, it obliquely cuts through 20±5°NE oriented Upper Permian Capeirotto pelitic red beds topped by horizontal Lower Triassic quartzitic beds within which cleavage is present but is much less perceptible. Some bedding planes of the Permian sequence show upward concave desiccation polygons that inscribe circles in non-deformed sediments [Toutin, 1980] and ellipses when distorted. Siddans et al. [1984 p. 344] pointed out the use of such deformation markers that provide a true horizontal section of the strain ellipsoid in horizontal beds. In our work, horizontal to gently dipping bedding planes bearing desiccation polygons were sought in order to assess the distortion undergone in the horizontal plane. Usable data were found in only 9 sites (with a minimum of 10 measurements per site). Six additional calculated horizontal sections of the strain ellipsoid from Siddans et al. [1984] were taken into account and show (table above) that the mean long axis of the ellipses coincides, as expected, with the N120±10°strike of the cleavage. Considering that the only regional evidence of NW-SE limited extension (3 -4 %) is given by thin tension gashes which postdate the semi-ductile deformation of the Permian polygonal mud-cracks, one can assume the long axis of the section ellipse is apparent extension that actually parallels the neutral axis of a constant-volume plane strain. Siddans et al. [1984] regarded the finite strain of these rocks as the result of two stages : oblate, volume loss, compaction-driven deformation which was followed by tectonic strain. The following values we propose here account only for tectonic strain with horizontal shortening directions, and associated ratios, that have been plotted on a map ( fig. 9 ). They show that the syncleavage horizontal shortening reaches as much as 53 % at the northeastern tip of the massif. This is of the same order as the 49.6 % maximum value calculated by Siddans et al. [1984] in this area. In addition, we can see that the shortening direction appears to rotate anti-clockwise from north to south in map view, and tentative equal-shortening contouring seems to reveal two N120 trends in the distribution of the horizontal strain. Northeast of the Barrot Massif, in the deeply incised Vionène Valley (see location on fig. 14 early Triassic beds underwent a remarkably different deformation, producing a series of tight, close to upright symmetrical folds [Faure-Muret, 1955 ; Faure-Muret and Fallot, 1957 ; Vernet, 1964 ; James, 1976 ; Siddans et al., 1984] . Although Permian and earliest Triassic beds are folded by the same system of folds, their mechanical behaviors spectacularly differ. The fine-gained, homogeneous Permian silts are intensely dissected by dense cleavage parallel to axial planes of similar folds. Conversely the coarser Triassic quartzite beds are folded by buckling concentric folds with abundant parallel-to-bedding striations in fold hinges. dextral bulk, isovolume and plane, simple shear, B : end member of purely ductile strain, G : end member of purely brittle strain, C, D, E & F are intermediate cases with lessening pervasive strain : this is with narrowing of shear zones, and increasing localised strain with lengthening axes becoming orientated closer to the shear surface, although the bulk deformation remains the same. The large ellipse images the bulk deformation as the small dark ellipses picture the localised deformation. Symbols refer to the localised deformation which is measurable on the field : ψ = shear angle, γ = tan ψ = shear strain, θ = (arc tan (2/γ = angle of lengthening axis with shear surface.
FIG. 8. -Schéma illustrant la dépendance de l'aspect du cisaillement simple vis-à-vis de l'échelle d'analyse. A : état non déformé, B à G états déformés ayant subi le même cisaillement simple dextre d'ensemble de 50 o dans des conditions de déformation isovolume plane, B : cas extrême d'une déformation totalement ductile, G : cas extrême d'une déformation entièrement fragile, C, D, E et F illustrent des cas intermédiaires avec diminution progressive de la pénétrativi-té de la déformation : cette diminution est réalisée lors de l'amincissement des zones de cisaillement et par la localisation croissante du cisaillement dont les axes d'allongement sont de plus en plus proches de la surface de cisaillement, alors que la déformation globale reste la même. La grande ellipse indique la déformation globale, alors que les petites ellipses indiquent la déformation locale. Les symboles donnent les caracté-ristiques de la déformation locale qui peut être mesurée sur le terrain : ψ = angle de cisaillement, γ = tan ψ = cisaillement, θ = (arc tg (2/γ))/2 = angle de l'axe d'allongement par rapport à la surface de cisaillement.
The fold-set geometry as a whole suggests the local shortening axis (λ 3 ) of mean deformation is horizontal and trends orthogonal to the axial planes of the folds, that is N035. Unfolding the Lower Triassic beds of two sections ( fig. 10) , where the deformed geometry can be reasonably restored, provides a horizontal shortening ratio of 38 ± 4 %. In this case the N125 o , 85 o NE oriented axial-planar cleavage that developed within the underlying Permian rocks has to be considered the local λ 1 -λ 2 principal strain plane orthogonal to the local shortening axis.
East of the Tinée Valley, north and northeast of La Bolline Village ( fig. 2) , the autochthonous sequences as a whole experienced a third deformation mode that associates faults, rare observable folds, and pervasive vertical cleavage with a constant N145±10 o trend. Most of the thick Permian sequence is bound to the northeast by the above-mentioned paleo-normal Millefonts Fault which brings the Variscan basement in contact with the Permian sequence. Close to the fault the deformation of clastic Permian sediments shows an intense fault-parallel cleavage and good exposures show that this bears striations pitching 10 o SE. Moreover, on almost horizontal glacial erosional surfaces, orientation of the long axes relative to cleavage traces distorted-clast can be measured ( fig. 3 ). These long axes are orientated at a mean θ = 6 o value clockwise from cleavage and fault strike. Applying 2θ = 2/γ which relates the orientation of the long axis θ to the shear strain γ for simple shear, a γ value of 9.4 is obtained. This corresponds to a 84 o ψ dextral shear angle. This γ value characterizes only a close-to-fault, high rightlateral deformation gradient and might not apply far southwestwards.
The same steeply dipping cleavage extends some hundreds of meters southwestward of the fault, where it is axial-planar to upright similar folds with 40 o SE plunging axes. This plunge is almost parallel to that of the folded interface of the Argentera basement -detached cover at the southeastern tip of the Argentera Massif, and was therefore caused by a late uplift phase of the massif. When restoring the basement -cover interface to horizontal, the axes of the syn-cleavage similar folds also become close to horizontal. Thus, within a few hundred meters, the same pervasive cleavage is axial-planar to similar folds with sub-horizontal axes and parallels a dextral strike-slip fault. One syn-cleavage deformation has generated both dextral shear and flattening along a single planar rock fabric in accordance with the distortion type noted as general shear by Hanmer and Passchier [1991] .
To the southwest the strike of the cleavage remains the same but its northeast directed dip progressively lessens until it parallels the Lenton Thrust (cross-section of fig. 2 ). The rocks next to the Lenton Thrust are too fine-grained and homogeneous to provide strain indicators, but as the syn-cleavage thrust brings Permian arkose on top of Lower Triassic sandstone, it is clear that a dip-slip reverse component of movement is important on both the thrust surface and associated parallel cleavage planes.
The easternmost part of the study area extends along the upper course of the Roya River valley (location on figure 14) where Permian sediment deposition has been shown to be controlled by north-dipping normal faults. The Permian beds are extensively deformed by a cleavage fabric that parallels the fault surfaces. Both faults and cleavage planes trend N098 ± 12 o ( fig. 4 ) and dip steadily northward with steeper dips (59 ± 6 o ) at the top of the sequence than at the lowermost part of the exposures (42 ± 3 o ). The resulting series of pervasively cleaved adjacent synclines (see above) displays northern limbs in places up to vertical, such as at altitude 600m along the road D42 to Bergue Inférieur village. At this location, the vertical beds bear deformed desiccation polygons that can also be observed in cross section ( fig. 11 ). Distorted desiccation polygons seen in cross-section on a plane orthogonal to both bedding and cleavage ( fig. 11) , show that the distribution of lengthened and shortened tips of the mud-cracks is asymmetric relative to cleavage. Such a geometry, together with no evidence of volume loss, is consistent with the occurrence of a single phase of top-to-south shear along the cleavage surfaces. This is in good agreement with the overall southward inclined geometry of the syncline series seen within the Permian beds. The latter shear sense is also supported by discrete millimeterscale offsets of the bedding that can be seen in the vertical section view. Taking into account the initial symmetry of the mud-cracks with respect to bedding we can apply the equation cotα' = cotα + γ that gives the orientation of lines as a function of increasing angle of shear [Ramsay, 1967, p.87-88 ; Ragan, 1985, p.169] for three linear passive markers : the tangents to the two mud-cracks tips and the bedding surface ( fig. 11) [Ragan, 1985, pp. 154-156] , formula : tanθ = 2/γ provides the θ angle between lengthening axis and shear surface, as maximum stretch is given by : S 1 = 1/tanθ. A symmetric picture of the mud-cracks can then be restored that was characterized by 60 o symmetrically inclined tips relative to an initially 70 o S-dipping bedding The strain ellipsoid is then fully known and the corresponding horizontal shortening reaches 19.5 ± 3.5 % for the Bergue Inférieur road locality.
Localized deformation
Other faults can be traced, besides syn-cleavage faults such as the Millefonts strike-slip fault and the Lenton thrust fault that separate distinctive rock units and can therefore be mapped. These, in contrast, clearly postdate the cleavage fabric of Permian rocks. The area located east of Saint Sauveur sur Tinée, where no faults are indicated in previous works, is characterized by a series of south directed thrusts ( fig. 12 A & B) . The thrusts are obvious where Permian reds beds are thrust on top of Lower Triassic white quartzite but may also be contoured where they sharply intersect cleavage ( fig. 13 ). Such intersections occur frequently in this area where cleavage varies greatly in trend. Several of the thrust faults merge eastward into the major N100 o trending segment of the major Campagnier -La Bolline thrust ( fig. 12A ) which in turn is cut by the décollement zone below the detached sedimentary cover. The southernmost thrust dies out to the east at the inverted limb of a post-cleavage, southward-inclined anticline northwest of Rimplas ( fig. 12 A) . To the west, this southernmost thrust and an additional one to the north both connect to a northsouth trending vertical fault, the trace of which is lost under the Tinée River bed to the north. Dextral movement is proposed to have occurred on this north-south trending vertical fault that would have acted as a lateral ramp relative to these thrusts. A third important thrust stet locally parallel to cleavage and could therefore be a reactivated syn-cleavage thrust, it extends northwestwards and brings the basement metamorphic complex onto the Permian rocks (eastern part The outcrop is from vertical Permian beds of the Roya River valley. The observed surface is a late tension gash plane on which intersection with cleavage is poorly seen (although it is well observable on the other part of the outcrop). The distorted up-to-bedding facing concave forms pictured by the mud-cracks in desiccated silt layer are well discernable. Orientations of three lines are measured relative to the shearing surface, these are the two tangents to the concave form edges (tl and ts) and the bedding. Assuming the concavities were symmetrical prior to deformation, it is possible to find the angle of top-to-south reverse shear that occurred along the cleavage (see text for explanation). The restored geometry prior to shearing is a 70 o south-dipping bedding with mud-cracks tips at 60 o from bedding. FIG. 11. -Figures de dessiccation vues of cross-sections of figure 10 ). Estimation of cumulated horizontal shortening for the post-cleavage thrusts, based on deformation of cross-sections, amounts to~4 km.
DISCUSSION AND INTERPRETATION
The Permian / Triassic structural patterns
Permian and, to a lesser degree, Triassic faults highly influenced the location and development of Alpine structures of the Argentera Massif area. Conversely, knowledge of the abrupt attitude changes in Alpine deformation provides a useful guide to understanding the possible influence of preAlpine deformation. Two different trends of syn-depositional faults,~N100 and~N125, have been recorded in Permian deposits of the southernmost E.B.M. : these directions are in good agreement with those recognized in the southern French Alpine foreland. Indeed, they are consistent with Permian regional tectonic extension oriented NNE-SSW [Toutin, 1980 ; Debrand-Passard, 1984 ; Baudemont, 1985 and ]. Baudemont's works, which are based on surface and subsurface data from the nearby eastern Provence, show the presence of numerous Permian growth normal faults that accommodate up to 1650 m of cumulative vertical displacement. These Permian normal faults are oriented from N080 to the west to N110-130 to the east with a prevailing northward dip. Moreover the normal faults are coeval with sinistral transcurrent faults oriented N165-170.
Similarly, the southeastern tip of the Argentera Massif and the Roya River valley area display~N100-directed faults that are associated with sedimentary wedges which substantiate they are paleo-normal faults. The fact that these faults and associated sedimentary structures are unconformably overlain by Lower Triassic beds clearly indicates they are Permian in age as locally observed west of uppermost Roya River by Aicard et al. [1968] . A~N125-striking group of Permian faults occurs at the Millefonts Fault, whereas it is inferred from the Alpine strain orientation and distribution in the eastern Barrot Massif and Vionène River valley.
The pure extensional dip-slip displacement along thẽ N100 Permian faults suggests left-lateral extensional slip probably occurred stet the~N125 oriented Permian faults. Oblique extension on the~N125 trending faults is likely to have reactivated local pre-Permian basement structures in the Argentera Massif, such as the narrow shear zone containing deformed Stephanian black clastic sediments [Romain, 1978 ; Faure-Muret, 1955 ] that extends from Saint Martin de Vésubie northwestwards within the basement metamorphic complex. Reactivation of similar basement zones of weakness is proposed here to have caused oblique-slip on the Millefonts Fault during Permian times.
Recognition of the early Triassic structural grain is less constrained, as there are fewer syn-depositional Triassic faults compared to Permian ones. Nevertheless, in the Tinée River valley, the partly inverted N115 -trending grabenbounding faults of La Blache are thought to have been active during Triassic times (see discussion above). The Biforquet fault bears striations which were pure dip-slip prior to late regional southeast axial tilting of the Argentera Massif. This fault can be considered a true Triassic normal growth-fault, given the N075 direction of extension, its associated sedimentary wedge and original dip-slip movement. The La Blache faults were therefore either also pure normal faults, resulting from multi-directional extension, or accommodated oblique slip consistent with the N075 extension deduced from movement on the Biforquet Fault. Neither case agrees with Debrand-Passart's [1984] NNE-SSW directed extension for Triassic tectonics of the French Alps foreland, but would better support incipient, east-west, rifting-derived disruption of the European platform. Both the faults of the La Blache Graben and the Biforquet Fault trend parallel to Permian faults described by Baudemont [1985, 1988] in Provence and can probably be considered stet reactivated Permian faults.
The occurrence of numerous steeply-dipping Permian and Triassic faults around the southern Argentera area is here considered to be a major feature of this part of the European Tethyan margin and to have been a strong influence on the tectonism during Alpine convergence.
The variability of Alpine deformation
Only one main Alpine cleavage with changing attitude is seen in the field, as noted by Aicard et al. [1968] and Graham [1978] , and as observed in analogous northern E.B.M. [Milnes and Pfiffner, 1977 ; Gratier and Vialon, 1980] . The trace of this cleavage can be continuously followed in the field except where it is cut by brittle thrusts. The cleavage orientation appears to be controlled by the pattern of Permian and Triassic faults and we propose these are responsible for locally sharp changes in trend such as east of Saint Sauveur sur Tinée ( fig. 13 ). Even where there is no evidence of late post-cleavage folding, cleavage dip also greatly varies, as noted in easternmost Argentera Massif at the Col de Vei del Bouc by Vaslet [1978] , where dips range from 30 to 90 o , and as described in the northern E.B.M. where early Jurassic normal faults were reactivated [Gratier and Vialon, 1980 ; Gillcrist et al., 1987] . This questions whether only one single kinematic interpretation is valid for the origin of Alpine cleavage of the Argentera and Barrot Massifs.
The regional cleavage is assumed to result from coaxial strain developed by compressive tectonics, as proposed in places by Graham [1978] and admitted by Siddans et al. [1984] . This seems also to be the case for the Vionène River area where cleavage in Permian rocks is axial-planar to virtually symmetrical upright folds. Accordingly, applying the same distortion associated with compressive tectonics to all E.B.M.-basement-bound sediments would imply that the cleavage should be oriented close to vertical except where it has been tilted by subsequent deformation. This is not consistent with field data that commonly show cleavage dipping less than 30 o north in the eastern core of the wide, flattopped, Barrot anticline, where no late tilting occurred.
On the other hand cleavage could have acted as shear surfaces, as observed at the Lenton thrust and Millefonts strike-slip fault, and extending widely in the upper Roya River valley. In the Merveilles area, cleavage parallel to shear zone was observed by Graham [1978] . Further north, fault-parallel cleavage was described in the Pelvoux Massif by Gratier and Vialon, [1980, p 153 and 173] and thrustparallel foliation is referred to in the Infrahelvetic domain by Milnes and Pfiffner [1977, p 88] One single kinematic model for the development of Alpine cleavage does not explain the different geometric patterns and deformed markers observed in the basementbound sequences of the southern E.B.M. The observed differences in Alpine cleavage development appear to depend closely on the Permian-Triassic pre-Alpine structural setting. In some localities the influence of Permian faults is supported by specific and reliable sets of structural elements. This is the case in the Roya River valley, where mud-cracks underwent south-directed shear along cleavage surfaces that developed parallel to pre-existing northdipping Permian normal faults. It is also the case in the area of the Millefonts Fault where again, cleavage developed parallel to a major Permian fault which here had a right-lateral movement although it is associated with pure shear. The influence of pre-existing Permian and Triassic structures is also strongly suggested at the syn-cleavage Lenton Thrust that trends parallel to the Millefonts Fault, but gently dips northeastward. This is why the Lenton Thrust is rather considered an inverted paleo-normal fault originally conjugate to the Millefonts Fault ( fig. 2 and 14) . Inversion of the movement sense on the favorably northeastward inclined Lenton Fault explains its reactivation as a southwest directed Alpine thrust. Moreover, the resulting strain partitioning that does occur across the paleo-graben extend between the two faults supports in turn the opinion that the Alpine regional shortening did not generate the observed structural trends but acted on pre-existing oblique structures. Farther west, in the Vionène River valley, where cleavage is axial planar to tight, upright, isoclinal folds, it is consistent with coaxial deformation and cleavage has been a principal strain plane since the first stages of developing deformation. As this latter deformation is very different from the one that prevails in the nearby Barrot Massif we propose that, in the Vionène River valley, irrotational crushing occurred against a concealed NW-SE trending, northeast-facing Permian fault buttress and locally resulted in an accentuated layer-parallel shortening [Gillcrist et al. 1987] . Southwest of the Vionène River valley, in the cleavage frontal zone that oversteps the wide flat-topped Barrot anticline, and where 40 o ±10°northeast dipping cleavage is observed no late tilting occurred. Therefore, cleavage in the Barrot Massif is suggested to have developed as brittle-ductile, southwestdirected, reverse, distributed shear. Local alteration in the distribution of horizontal shortening rates in the eastern Barrot Massif ( fig. 9 ) is here proposed to indicate strain rearrangement above deep-seated inherited faults. Such faults, similar to the Permian faults of the Millefonts area and Roya River valley, would have been buried by Permian sediments in the Barrot Massif in the same way as the Scarassoui Fault ( fig. 5 ) and as are the faults described by Baudemont [1985, 1988] in the Permian basin of Provence.
Cumulative Alpine deformation
On the basis of recorded cleavage orientation in association with local tectonic regimes and types of distortion, we propose ( fig. 14) a field of the horizontal component of shortening that is consistent with a N020 regional shortening azimuth. This orientation is also consistent with the deformation field deduced from the regional detached cover [Fry, 1989 ; Hamiti, 1994] . Cumulative mean shortening has been tentatively calculated and extended to corresponding segments of a transect parallel to regional shortening. Values are 40 % based on deformed horizontal desiccation polygons for the eastern third of the Barrot Massif, 38 % based on de-deforming Lower Triassic quartzite isopach folds of the Vionène River valley, and 20 % using sheared mudcracks in the Roya River valley. When adjusted to outcrop size, and then cumulated, a rough evaluation of the horizontal shortening ascribed to distributed deformation can be approximated to~11 km for a present day 40 km long basement segment, which is 22 % of horizontal shortening. When taking into account~4 km of extra horizontal shortening related to the late brittle thrusts (Campagnier -La Bolline Thrust) of the southwestern tip of the Argentera Massif, this value increases to 28 %. This compares well with the 26 to 34 % calculated values of horizontal shortening of the detached sedimentary cover [Laurent, 1998 ; Laurent et al. 2000] . Both the pervasive and brittle Alpine deformations of the study area exclusively occur in the weak and discrete Permian and Lower Triassic cover that is welded to the Variscan basement. This location at the southeastern border of the rigid Variscan basement implies the latter has been displaced on top of a deep-seated crustal blind thrust. Our calculations of the horizontal shortening of the Permian to Lower Triassic sediments at the southwestern fringe of the massif indicate the Argentera Massif as a whole underwent a~15 km south-southwestward directed displacement.
Geodynamic considerations
Alpine vertical movements of the Argentera Massif can be estimated from the initial maximum burial depth of basement-bound Permian-Triassic sediments. Maximum burial was attained in Oligocene times, at first below the flexural basin filled by the Annot sandstone sequence and was completed after the Pennic allochthon emplacement [Kerckhove and Monjuvent, 1979 ; Ford et al., 1999] . The Argentera basement exhumation started, depending on sites, between late Oligocene and early Miocene times according to fission tracks ages achieved on zircon by Bigot-Cormier et al. [1999, 2000] . The syn-cleavage shortening of the basement can be considered a major cause for its uplift in accordance with an early Miocene age (22 Ma) yielded by mylonites of the Frema Morte shear zone in the central part of the Argentera ( 40 Ar-39 Ar dating on phengites by Corsini et al., 2002.) .
According to fluid inclusions in syntectonic quartz veins [Attal, 1999] , the Permian sediments reached temperatures of 260 to 350 o C. These values are of the same order as the 300 to 350 o C obtained from Al/Si substitution rate in Alpine phengites [Corsini et al., 2002] from within the underlying Variscan basement. For a 30 o C/km mean geothermal gradient, to a maximum overburden thickness of the order of 10km seems likely for the first and principal stage of Alpine compression.
The second stage is one of post-cleavage thrusts (Campagnier -La Bolline thrust of fig. 2, fig. 12A and B) which accommodates 4±1 km of horizontal shortening at the southern tip of the Argentera Massif. It occurred as the cover of the massif had already been largely eroded. The increase of exhumation rate recorded at 3.5 Ma by apatite fission tracks by Bigot-Cormier et al. [1999 could well correspond to this late stage of out-of-sequence thrusts. These thrusts can also be considered responsible for the recent local uplift of the massif to present altitudes that exceed 3000m.
The recent uplift of basement is also supported by seismicity around the Argentera Massif [Maddedu et al. 1996] and is coeval with a 2-4 mm/y of NNE shortening rate shown by GPS measurements in the detached cover to the south [Calais et al., 2000] . Within this frame, the Campagnier -La Bolline blind thrust, if still active, could be considered a good candidate for present day basement shortening.
From early Miocene times up to Recent the Argentera Massif development appears to have been characterized by a~10km-deep deformation that is consistent with a mean N020 directed regional compression followed by a shallower deformation with an almost N-S direction of compression. These compressions led to a crustal blind thrust of which the observable strain is the uppermost evidence. Such a deformation scenario differs from that of the area northwest of the Argentera Massif, which faces the leading edge of the Adria block, and where recent extensional tectonics occurred after the main Miocene compressional phase [Labaume et al., 1989] and which is still ongoing in places [Maddedu et al., 1996] .
The great variety in Alpine structural development which occurs in the southern Argentera area where the crustal thrust splays break through to the surface, includes at least one remarkable NW-SE trending strike-slip shearzone (the Millefonts Fault). However, this shear zone bears a dextral movement and thus cannot be considered a remote consequence of NW directed displacement of the Adria block. On the contrary, it is clearly a local feature, the attitude of which was driven by a pre-existing Permian fault.
